A number of airfoils intended for VTOL/Rotorcraft applications were tested in the Penn State Low-Speed, Low-Turbulence Wind Tunnel, and the results of these tests compared with those predicted using several well-known theoretical methods. The airfoils considered are the E 387 and the S406, S407, S411, S414, and the S415, and the theoretical methods used are the potential-flow/integral boundary-layer methods, PROFIL07 and XFOIL 6.94, the Euler solver/integral boundary-layer method, MSES 3.05, and the Reynolds-averaged Navier-Stokes solver, OVERFLOW 2.1ae. In addition, several cases were considered using the Navier-Stokes solver, FLUENT 12. 
Tunnel. These airfoils are targeted for a variety of applications and, therefore, cover a broad range of geometries and operating conditions. The thickness ratios of the airfoils tested range from 0.09 to 0.18 and the Reynolds numbers from 60,000 to 2,000,000.
One of the goals of these tests is to provide a consistent set of experimental data with which to compare several theoretical methods currently in use for predicting airfoil aerodynamic characteristics. The airfoils used for this comparison are the S406, S407, S411, S414, and the S415. The specifications and details of the design and testing of these airfoils are presented in Refs. [1] [2] [3] [4] [5] . In addition to these airfoils, the E 387 was also tested as a part of qualifying the Penn State wind tunnel for this work [6] . The experimental measurements made on these airfoils are compared with the predictions of PROFIL07 [7] , OVERFLOW 2.1ae [8, 9] , XFOIL 6.94 [10] , and MSES 3.05 [11] .
Finally, a few comparisons are made with results from FLUENT 12.1.2 [12] .
Although wind-tunnel measurements were made with free transition, fixed transition, and scaled NACA standard roughness, only comparisons with free transition will be presented and only at the lowest and highest Reynolds numbers at which a particular airfoil was tested. It should be noted that comparisons of measured pressure distributions with those predicted by PROFIL and MSES are included in Refs. [1] [2] [3] [4] [5] [6] .
Wind-Tunnel Experiments
Wind Tunnel, Model, and Data-Acquisition System
The Penn State University Low-Speed, Low-Turbulence Wind Tunnel is a closedthroat, single-return atmospheric facility. The test section is rectangular and is 101.3 cm (39.9 in) high and 147.6 cm (58.1 in) wide with filleted corners. The maximum testsection speed is 67 m/s (220 ft/s). Airfoil models are mounted vertically in the test section and attached to computer-controlled turntables that allow the angle of attack to be set.
The turntables are flush with the floor and ceiling and rotate with the model. The axis of rotation is between the quarter-and half-chord locations on the model. The gaps between the model and the turntables are sealed to prevent leaks.
The flow quality of the Penn State wind tunnel has been measured and documented [13] . At a velocity of 46 m/s (150 ft/s), the flow angularity is everywhere below 0.25 deg. in the test section. At this velocity, the mean velocity variation in the test section is below 0.2 percent, and the turbulence intensity is less than 0.045 percent.
The models used in these experiments range in chords from 15.2 cm (6.0 in) to 53.3 cm (21.0 in). They were mounted vertically in the wind tunnel and completely spanned the height of the test section. The models were produced from solid aluminum using a numerically-controlled milling machine. Each model has approximately 33 pressure orifices on the upper surface and roughly the same number on the lower surface.
Each orifice has a diameter of 0.51 mm (0.020 in) and is drilled perpendicular to the surface. The orifice locations are staggered in the spanwise direction to minimize the influence of an orifice on those downstream. Additional details regarding the models and their fabrication are contained in Refs. [1] [2] [3] [4] [5] [6] .
To obtain drag measurements, a wake-traversing, Pitot-static pressure probe is mounted from the ceiling of the tunnel. A traversing mechanism incrementally positions the probe across the wake, which automatically aligns with the local wake-centerline streamline as the angle of attack changes.
The basic wind-tunnel pressures are measured using pressure-sensing diaphragm transducers. Measurements of the pressures on the model are made by an automatic pressure-scanning system. Data are obtained and recorded with an electronic dataacquisition system.
Experimental Methods
The surface pressures measured on the model are reduced to standard pressure coefficients and numerically integrated to obtain section normal-and chord-force coefficients, as well as section pitching-moment coefficients about the quarter-chord point. Section profile-drag coefficients are computed from the wake total and static pressures using standard procedures [14] . At most post-stall angles of attack, however, wake surveys are not performed and profile drag coefficients are computed from normaland chord-force coefficients as obtained from pressure integration. Low-speed windtunnel boundary corrections are applied to the data [15] . A total-pressure-tube displacement correction, although quite small, is also applied to the wake-survey probe [14] .
As is clear from the procedures prescribed in Ref. [16] , the uncertainty of a measured force or moment coefficient depends on the operating conditions and generally increases with increasing angles of attack. In the higher lift regions, for which the uncertainty is the greatest, the measured lift coefficients have an uncertainty of c l = ±0.005. The uncertainty of drag coefficients measured in the low-drag range is c d = ±0.00005 while, as the angle of attack approaches stall, this increases to c d = ±0.00015.
The pitching-moment coefficients have an uncertainty of c m = 0.002
In addition to making the quantitative measurements indicated, flow-visualization studies were performed using fluorescent oil [17] . These methods were used not only to determine transition locations and regions of separated flow as they depend on angle of attack, but also to verify the two-dimensionality of the tests. As is typically the case in this facility, it was found in all cases that the flow over the model was two-dimensional up to and slightly beyond the angle of attack at which the maximum lift coefficient occurs.
Facility Qualification
While the attainment of high flow quality is certainly a requisite for making meaningful airfoil aerodynamic measurements, additional confidence in the Penn State facility is gained by making comparisons with data taken elsewhere. For this purpose, the Low-Turbulence Pressure Tunnel (LTPT) at the NASA Langley Research Center [18] and the Low-Speed Wind Tunnel at Delft University of Technology in The Netherlands [19] are perhaps the two most highly regarded two-dimensional, low-speed wind tunnels.
For low Reynolds number airfoil aerodynamics, a benchmark data set is that obtained
with the E 387 airfoil in LTPT [20] . In Fig. 1 [23] .
Tests Performed
Each model was tested through a range of Reynolds numbers with transition free (smooth) and with transition fixed by grit roughness near the leading edge or, for the lower Reynolds numbers tested, by properly-sized zig-zag turbulator tape. Both the grit roughness and the turbulator tape were employed to simulate full-chord turbulent flow.
The grit roughness was sized to the critical roughness height using the method of Ref.
[25] and sparsely distributed in spanwise strips near the leading edge. The tape was sized using a stethoscope to determine the minimum height required to cause transition. All except the E 387 and the S407 airfoils were also tested with a roughness equivalent to NACA standard roughness [26] , which consists of sparsely-distributed grit applied around the leading edges of the models.
The equivalent free-stream Mach number did not exceed 0.2 for any of the tests conducted.
Methods of Theoretical Prediction Employed

PROFIL07
PROFIL [7] , commonly known as the Eppler code, consists of an inverse conformal mapping method for design and a panel method coupled with an integral boundary-layer calculation for analysis.
Although it is able to analyze cascades, it is primarily intended for single-element airfoils. Boundary-layer displacement-thickness iteration is an option, but as it increases the computational overhead and only influences the value of the zero-lift angle of attack, it is not usually employed. The boundary-layer method predicts transition using a full e N method. In this implementation, over 40,000
solutions to the Orr-Sommerfeld equation are tabulated from which the amplification rates of the Tollmien-Schlichting waves can be interpolated. The amplification rates depend on the displacement-thickness Reynolds number, the displacement-to-momentum thickness shape factor, and a non-dimensional frequency, all of which are determined as the boundary-layer development is calculated. The frequency of the first unstable
Tollmien-Schlichting wave is determined, and a range of frequencies around it is defined.
The amplification of each of these frequencies is evaluated. At every position along the airfoil surface, the maximum amplification is found, and transition is assumed when the natural logarithm of the amplification rate for any of the frequencies reaches a critical value, N. For the predictions presented here, the value of N was set to 11.
It should be noted that unlike the other theoretical methods employed here, for XFOIL is only slightly less robust than PROFIL, in that convergence is occasionally problematic. Like PROFIL, it also makes use of a correction for Mach number that allows for reasonable predictions up to the critical Mach number.
MSES 3.05
MSES [11] employs an Euler solver for the outer flow and an integral boundary layer, similar to that of XFOIL, for the viscous layer. As an Euler method, it is able to predict the aerodynamic characteristics of airfoils in the transonic region. Unlike PROFIL and XFOIL, it can also handle multi-element airfoils.
MSES can predict transition using a full e N method, in which a Newton iteration method is used to find the critical Tollmien-Schlichting frequency [28] , or by means of the approximate envelope e N method like that used in XFOIL [27] . The predictions presented here used the full e N method, whereas those obtained using the envelope e N method are compared with PROFIL and wind-tunnel results in Refs. [1] [2] [3] [4] [5] [6] .
As expected, the increased capabilities of MSES result in it not being as easy to use or as robust as PROFIL and XFOIL. In particular, the program requires considerably more run time and convergence can be problematic.
OVERFLOW 2.1ae
OVERFLOW [9] is a three-dimensional Reynolds-averaged Navier-Stokes (RANS) solver that uses structured overset grids. It can do two-dimensional calculations using a variety of one-and two-equation turbulence models. The Spalart-Allmaras one-equation turbulence model with streamline curvature corrections was used to obtain the solutions presented, which were run with a non-time-accurate scheme until convergence of the flow field residuals was achieved.
Unlike PROFIL, XFOIL, and MSES, there is no treatment of natural transition in OVERFLOW. It is possible to specify so-called "trip-lines" in the flowfield, but for the present calculations the flowfield is treated as being fully turbulent. It is important to make a distinction from that of running a Navier-Stokes solver "fully turbulent" to that of having a "fully turbulent" boundary layer. In the former case, it means that the production terms of the turbulence model are always active. As there is no transition modeling, however, this means that the viscous layer from the leading edge is "laminar-like," and gradually becomes more "turbulent-like" downstream. Thus, the sudden change from a laminar to a turbulent boundary layer observed in nature is not captured. For this reason, rather than the distinct contributions of a given amount of laminar and turbulent boundary-layer being taken into account, the predicted profile-drag coefficient is essentially the result of the viscous development being averaged over its length.
All overset grids were generated with Chimera Grid Tools 2.0 [29] , producing Otype body-fitted grids and Cartesian far-field grids. Best practices in overset grid generation were followed throughout the gridding process [30] .
ANSYS FLUENT 12.1.2
FLUENT [12] is an unstructured Navier-Stokes solver that can operate in either two-dimensional or three-dimensional modes. For the cases examined here, it was employed as a two-dimensional, RANS solver. The user is allowed a wide selection of turbulence models and here, the four-equation transition SST turbulent model was used.
The solution schemes were initialized using non-time-accurate marching and then switched to implicit time-accurate marching until force convergence was achieved.
The additional transport equations of the turbulence model allow for the prediction of transition using the local variables of the flowfield [31] . Both natural transition and transition via a laminar separation bubble can be predicted using this model.
All grids used for the FLUENT calculations were generated with GAMBIT 2.4.6 [32] . The grids were generated such that the y + value of the first boundary-layer point is less than 1.0 in the turbulent regions.
Comparisons of Experimental and Theoretical Results
E 387
The E 387 airfoil was designed by Richard Eppler in the mid-1960s for use on model sailplanes. Because it was designed specifically for the appropriate lift coefficients Reynolds number experiments are compared [20] . The same test matrix that had been run at LTPT was run at Penn State, including the Reynolds number range of 60,000 to 460,000. In addition to measurements taken on the clean model, data were also obtained for transition fixed at 5-percent chord on both the upper and lower surfaces. Full details of these experiments are presented in Ref. [6] .
The aerodynamic characteristics predicted for R = 300,000 by PROFIL and OVERFLOW are compared to the Penn State wind-tunnel measurements in Fig. 3(a) , while those of XFOIL and MSES are presented along with those measured at Penn State in Fig. 3(b) . As can be observed in Fig. 3(a) , PROFIL predicts the corners of the low-drag 
S406
The S406 airfoil was designed for the working section of the rotor of a relatively small helicopter [1] . It has a thickness ratio of 0.1425 and was designed to have reasonably high lift, low profile drag, and docile stall characteristics. Given the operational Reynolds number range and the anticipated manufacturing methods, the attainment of laminar flow was thought to be worth considering. The design was constrained to not have a pitching-moment coefficient any more negative than -0.05, although the wind-tunnel measurements show that this requirement was not achieved.
The measured aerodynamic characteristics for R = 500,000 are compared to those theoretically predicted in Fig. 4 , while those for R = 1,500,000 are compared in 
S407
The S407 airfoil, designed to operate on the tandem rotors of a high altitude UAV, has a thickness ratio of 0.1143 [2] . For its intended operating environment and conditions, designing this airfoil for extended regions of laminar flow warranted consideration. Its design requirements also include the achievement of high maximum lift and low profile drag. While the specified pitching-moment coefficient constraint was satisfied, the desire for docile stall characteristics was not.
In 
S411
The S411 airfoil is designed to specifications very similar to those of the S406, the primary difference being that the S411 airfoil is required to have a tab at trailing edge that is 5-percent chord [3] . In this case, the tab is not used for "zeroing out" the pitching-moment coefficient at zero deflection, but rather as a tracking tab on the rotor blade. The thickness ratio of the S411 airfoil is 0.1400.
The aerodynamic characteristics for R = 500,000 as predicted by the theoretical methods employed here are compared in Fig. 8 with those obtained experimentally. The lack of a well-defined upper-limit of the low-drag range allows the drag polar predicted by OVERFLOW to better follow the general shape of the polar than would otherwise be the case. Unlike the other theoretical methods, it does not predict the rapid changes in drag at the lower limit of the low-drag range that is caused by the movement of both the lower-surface separation and transition locations with angle of attack. It does, however, predict the rapid increase in drag at negative lift coefficients that is caused by increasing flow separation on the lower surface. 
S414
The S414 explores the concept of a slotted, natural-laminar-flow (SNLF) airfoil [4] . It is designed to roughly the same specifications as the S406 and S411 airfoils, although it achieves significantly higher lift and lower drag. It has a thickness ratio of 0.1422.
Because it is a two-element airfoil, only OVERFLOW and MSES are able to predict its aerodynamic characteristics. The predicted characteristics for R = 700,000 that are generated by these two methods are compared with those obtained experimentally in Fig. 10 , while similar comparisons for R = 1,500,000 are presented in Fig. 11 . For both Reynolds numbers, the drag polar predictions of MSES are very good while, as expected, the upper and lower limits of the low-drag region cannot be captured by OVERFLOW. In addition, OVERFLOW over-predicts the drag coefficients in the low-drag region by as much as 80 counts. The pitching-moment coefficient predictions of both methods at both
Reynolds numbers are reasonable. MSES over-predicts c l,max for both Reynolds numbers by about 9 percent, while OVERFLOW under-predicts c l,max at R = 700,000 by 7 percent, and at R = 1,500,000 by nearly 14 percent.
From the measurements, although it has a very hard stall, it is notable that for R = 700,000 the S414 airfoil achieves a value of c l,max of about 1.72 and a minimum drag coefficient of about 80 counts. At R = 1,500,000, c l,max is nearly 2.0 and the drag coefficient is less than 60 counts.
S415
The S415 is part of an effort exploring the use of a morphing rotor airfoil [5] . The S415 is designed to be the airfoil used during hover, while for forward flight it would morph into the S418 airfoil [33] , which is better suited for those conditions. The S415 airfoil has a thickness ratio of 0.1412.
For R = 1,000,000, the predicted aerodynamic characteristics are shown with measured results in Fig. 12 . It can be observed that the PROFIL drag-coefficient predictions are in excellent agreement with the wind-tunnel results. The profile-drag predictions of OVERFLOW are roughly 50 counts too large, and it is unable to predict the upper-and lower-limits of the low-drag region. The drag coefficient values in the middle of the drag polar as predicted by XFOIL and MSES are just a few counts too low.
The empirical criterion used with PROFIL provides a reasonably accurate estimation of c l,max , while the OVERFLOW prediction is about 19 percent too large. XFOIL and MSES both predict c l,max to be about 8 percent too large, along with the critical angle of attack being predicted about 3 degrees high. All of the methods used predict the pitchingmoment coefficient reasonably well, although PROFIL over-predicts the magnitude of the nose-down pitching-moment coefficient by about 0.02.
These comparisons are repeated for R = 2,000,000 in Fig. 13 .
Discussion of Results
From the comparisons of the results generated by the different theoretical methods with the wind-tunnel measurements, it is clear that those incorporating boundary-layer methods provide a more reliable drag prediction than does OVERFLOW.
Generally, the drag coefficients and the corners of the low-drag region are well predicted by these methods. As a consequence of the fact that the transition process is not being modeled or accounted for, the Navier-Stokes solver, making use of the available turbulence models, is much less effective. At the Reynolds numbers being considered for these results, transition can be due to Tollmien-Schlichting instabilities, or more likely, by means of laminar separation bubbles. In either case, transition is a very well demarked process in the development of the flow over a surface. As such, each event in the process occurs relatively quickly and over a small extent of the chord. The turbulence models generally used in the CFD predictions, on the other hand, produce a development in which the inherent turbulence grows slowly from "laminar-like" behavior of the viscous layer to one that is more and more "turbulent-like." Thus, the actual "burst" of transition is not captured and, consequently, there is no chance of reliably predicting the proper contributions of the laminar boundary layer and the turbulent boundary layer to the total profile drag of an airfoil [34] . For airfoils designed to have a well defined low-drag region, it is not possible for these turbulence models to predict the sharp corners that define the limits of such regions.
In looking at the maximum lift coefficient predictions of the theoretical methods considered, it is interesting that the most reliable is obtained with the simple empirical criterion based on the upper-surface profile drag contribution that is used with PROFIL.
In the worst case, this method over-predicted c l,max by approximately 9 percent, while more typically the predicted value was within 3 percent of the measured one. At stall, the pressure distributions are essentially the same; however, the angle of attack at which stall is predicted by OVERFLOW is one degree less than the experimental value, while the FLUENT prediction is 0.5 degrees greater.
To explore how the new turbulence model behaves at a higher Reynolds number, the aerodynamic characteristics of the S415 airfoil at R = 2,000,000 are predicted using FLUENT. These results are shown in Fig. 16 , along with those of PROFIL, OVERFLOW, and the wind tunnel. Again, the lower corner of the low-drag region is well predicted by FLUENT. The drag coefficients in the low-drag region are also well predicted, although as was the case at the lower Reynolds number, the upper corner of the low-drag region is not predicted to be as sharp as the wind-tunnel measurements. The predicted value of c l,max is slightly over-predicted, while the predicted behavior of the pitching-moment coefficient with angle of attack is excellent.
Pressure distributions predicted using FLUENT for the S415 airfoil at R = 2,000,000 and several angles of attack are presented along with those of OVERFLOW and the wind tunnel in Fig. 17 . At this Reynolds number, as there is little or no indication of laminar separation bubbles in the experimental results, the predicted pressure distributions from OVERFLOW and FLUENT are similar. In fact, they agree well with one another and the integrated areas agree with the experimental results, although both of the predicted distributions are shifted to slightly higher pressure coefficient values than those of the measured distributions. At c l,max , however, the FLUENT prediction and that measured agree very well and correspond to the same critical angle of attack. As can also be observed in Fig. 16 , the value of c l,max predicted by OVERFLOW is not only too high, it occurs at angle of attack that is over 3.0 degrees greater than that of the experiment and the FLUENT prediction.
Concluding Remarks
Based 
